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ABSTRACT 
The thermal degradation of poly(3-hydroxybutyrate) (PHB) was investigated by kinetic 
analyses in detail to clarify its complex degradation behavior, resulting in a finding of mixed 
mechanisms comprising at least a thermal random degradation with subsequent auto-
accelerated trans-esterification, and a kinetically favored chain reaction from crotonate chain 
ends. The thermal degradation behavior of PHB varied with changes in time and/or 
temperature. From the kinetics analysis of changes in molecular weight, it was found that a 
non-auto-catalytic random degradation proceeding in the initial period was followed by an 
auto-accelerated reaction in the middle period. From the kinetics analysis of weight loss 
behavior, it is proposed that there are some kinetically favored scissions occurring at the chain 
ends, where the degradation proceeded by a 0th-order weight loss process in the middle stage. 
The observed 0th-order weight loss process was assumed to be an unzipping reaction occurring 
at ester groups neighboring the crotonate end groups. 
Keywords: Poly(3-hydroxy butyrate), Thermal degradation, Kinetics, ² -Elimination, 
Unzipping reaction, Crotonic acid 
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1. Introduction 
Poly(3-hydroxybutyrate) (PHB) is a well known microbial and biodegradable polymer. 
Many prokaryotic microorganisms have been found to accumulate PHB up to 90% of their 
cellular dry weight [1]. PHB has been attracting much interest from researchers not only as an 
environmentally compatible thermoplastic, but also as a polymeric material from renewable 
resources with a high melting temperature of around 180 °C [2]. Various approaches have 
been use to improve PHB, i.e. by producing PHB in transgenic plants in order to increase the 
production and also by copolymerizing PHB to improve its physical properties.  
The main setback of PHB when used as a thermoplastic is its thermal instability during 
melt-processing. Therefore, intense interest has been shown in the thermal degradation of 
PHB and other related poly(hydroxyalkanoate)s. Recently, it has been demonstrated that PHB 
is a chemically recyclable material with end products such as crotonic acid, linear oligomers 
having a crotonate end group [3], and a cyclic trimer [4]. If materials originating from 
renewable resources can be efficiently recycled through precise control of their thermal 
degradation, an ideal recycling system for plastic products, in which the resources and 
production energy of the materials are minimized, could be constructed. 
The thermal degradation behavior of PHB has been discussed in many reports, in which a 
random chain scission by ² -elimination has been considered as the main mechanism based on 
typical structures of pyrolysis products, i.e. crotonic acid and oligomers with a crotonate end-
group [3,5]. Recently, Kawalec et al. [6] newly proposed an E1cB mechanism proceeding via 
±-deprotonation by a carboxylate anion to produce the same products. Several 
thermoanalytical methods have been used to investigate the thermal degradation behavior of 
PHB, including thermogravimetry (TG) [6-14], differential scanning calorimetry (DSC) [7], 
fast atom bombardment mass spectrometry (FAB-MS) [5], electrospray ionization mass 
spectrometry (ESI-MS) [6], pyrolysis-mass spectrometry (Py-MS) [7,15], pyrolysis-gas 
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chromatography (Py-GC) [16], pyrolysis-GC/mass spectrometry (Py-GC/MS) [7,12,17], 
TG/Fourier transform infrared spectroscopy (TG/FTIR) [18], pyrolysis-GC/FTIR (Py-
GC/FTIR) [18,19], size exclusion chromatography (SEC) [13,20-22], and NMR [4,7]. These 
reports have shown that the activation energy value (Ea) of the degradation to be in a wide 
range of 110-380 kJ·mol-1. This range of values can be classified into three categories: (1) 
235-380 kJ·mol-1 calculated with single constant heating rate methods based on weight loss 
[7-9,14], (2) 111-140 kJ·mol-1 calculated with multiple constant heating rate methods based 
on weight loss [12,13], and (3) 178-247 kJ·mol-1 calculated with non-auto-catalytic random 
degradation analysis based on changes in molecular weight [13,20,21].  
One reason for the higher values obtained using the single constant heating rate method is 
probably due to the different reactions proceeding in a mixed and complex manner. If this is 
true, it is difficult to evaluate the correct Ea value of each elementary reaction, because the Ea 
value is calculated as an apparent value from the slope of the total plot made up of multiple 
reactions. Thus, this method can sometimes give a meaningless value. On the other hand, in 
the case of the multiple constant heating rate method, if the calculated Ea value is constant in a 
range of residual weight (w), it can be assumed that a constant reaction state is maintained 
within the range of w, and the obtained Ea value is significant for the reaction. However, if the 
plot of the calculated Ea value against w shows a slope in a range of w, it indicates that 
multiple reactions are proceeding in a mixed manner. By using the multiple constant heating 
rate method, Aoyagi et al. [12] and Kim et al. [13] reported the Ea value of PHB thermal 
degradation as being in a relatively narrow range of 111-140 kJ·mol-1. This small deviation 
was discussed as being due to the influence of residual metal ions such as Ca2+, Mg2+ and Zn2+.  
In order to avoid the influence of some complex factors on pyrolysis, the Ea value of the ² -
elimination has also been calculated from molecular weight changes in a lower temperature 
range of 170-200 ºC. Interestingly, in spite of the same expected degradation mechanism of ² -
elimination, obtained Ea values were in a medium range of 178-247 kJ·mol
-1.  Kim et al. [13] 
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suggested that the discrepancy in the obtained Ea values, i.e. 140 and 182 kJ·mol
-1 from the 
weight loss and the molecular weight change, respectively, was caused in part by the auto-
acceleration effect of low molecular weight compounds. However, there was no further 
discussion on the matter. 
Even though many approaches have been taken on the subject of PHB thermal degradation, 
a clear explanation for the wide variation in Ea value has yet to be provided. Despite this 
uncertainty, the ² -elimination scission has been widely held as the exclusive degradation 
mechanism of PHB. Recently, Kawalec et al. [6] proposed an intermolecular ±-deprotonation 
mechanism induced by a carboxylate chain end group, however, unfortunately no 
measurement of its Ea value was made. 
There were suggestions that some different reactions occur in the course of PHB thermal 
degradation. Lehrle et al. [16,23] reported that the analytical results of partial pyrolysis of 
PHB showed some deviations from the theoretical predictions of random scission statistics. 
The deviations were probably due to reactions induced by the end groups. Kopinke et al. [7] 
found that the isothermal degradation curve at 270 ºC did not agree with the model curves of 
random degradation reactions, and that non-isothermal thermogravimetric (TG) and 
differential TG curves of PHB seemed to better fit a first-order degradation reaction curve. 
However, they also commented that the high Ea value of 380 kJ·mol
-1 obtained by using a 
single heating rate method was not chemically meaningful and may be due to an auto-catalytic 
reaction. Finally, they suggested that the observed degradation behavior was characteristic of a 
chain reaction with a short kinetic chain length. Galego and Rozsa [8] came to similar 
conclusions to those of Kopinke et al. [7] Nguyen et al. [22] also suggested the occurrence of 
auto-acceleration in the PHB thermal degradation at 190 ºC, based on the changes in 
molecular weight [22]. However, a clear confirmation of such auto-acceleration has not yet 
been reported. 
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Based on previous results, four features are noteworthy in relation to PHB thermal 
degradation, i.e. (1) during the pyrolysis of PHB, other kinds of degradation mechanism 
proceed at the same time apart from ² -elimination, making the kinetics analysis complicated; 
(2) the unexpectedly high Ea values have been obtained from the results of analyses of mixed 
degradation reactions by using single heating rate methods; (3) obtained plausible Ea values 
may include some parameters for different reactions; and (4) the thermal degradation of 
PHB may be auto-accelerated. 
In this paper, we highlight the above four subjects by explaining the PHB thermal 
degradation behavior using a multiple heating rate method. The degradation behavior was 
analyzed in comparison with model reaction curves generated with the improved integral [24] 
and random degradation analytical procedures [25]. The auto-acceleration behavior of PHB 
thermal degradation was studied with Yoon’s [26] and Nishida’s equations [27] for the non-
auto-catalytic and the auto-catalytic degradation reactions, respectively. 
 
2. Experimental Procedures 
2.1 Materials 
PHB (3HB unit 100 %; Mn 124,000 and Mw 230,000 based on polystyrene standards; Ca 
content 8,100 ppm) was kindly supplied by the Kyoto Institute of Technology, and was 
purified by repeated dissolving in hot chloroform, precipitation in cold methanol, and then 
drying in vacuo. In order to remove metallic impurities, 5.0 g of the precipitated PHB was 
dissolved in 150 mL of chloroform. The PHB/chloroform solution was then washed three 
times with 500 mL of 1M HCl aqueous solution, followed by washing with distilled water 
until the aqueous phase became totally neutral. Finally, the polymer was precipitated in 
methanol to prepare the purified PHB-H (Mn 119,000 and Mw 204,000 based on polystyrene 
standards; Ca, Mg, and Zn content: H0, H0, and 11.4 ppm, respectively).  
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PHB and PHB-H films were prepared by dissolving the samples in chloroform (2 % w/v) 
and casting on the surface of a Petri dish prior to the thermal degradation analysis. After the 
evaporation of the solvent, the formed films were washed by methanol and then vacuum dried.  
 
2.2 Measurements 
Molecular weights of the samples were measured by size exclusion chromatography (SEC) 
on a TOSOH HLC-8120 GPC system with a refractive index (RI) detector at 40 ºC using 
TOSOH TSKgel Super HM-M column and chloroform eluent (0.6 mL·min-1). The calibration 
curves for GPC analysis were obtained using polystyrene standards with a low polydispersity 
(5.0 × 102, 1.05 × 103, 2.5 × 103, 5.87 × 103, 9.49 × 103, 1.71 × 104, 3.72 × 104, 9.89 × 104, 
1.89 × 105, 3.97 × 105, 7.07 × 105, 1.11 × 106, TOSOH Corporation). The sample (12 mg) was 
dissolved in chloroform (2 mL) and the solution was filtered through a membrane filter with 
0.45 µm pore size. 
The metallic impurities were qualitatively detected with a HITACHI S3000N scanning 
electron microscope with an energy-dispersive X-ray spectrometer (SEM-EDX) at an 
accelerating voltage of 15 kV. The Ca and Mg contents were quantitatively measured with a 
Shimadzu AA-6500F atomic absorption flame emission spectrophotometer (AA). The sample 
was degraded by a 25% ammonia solution, dissolved in 1M-hydrochloric acid, and then 
measured by AA. Other metals contents were quantitatively measured with a Shimadzu XRF-
1700WS X-ray fluorescence spectrometer at 4kW. 
Proton (1H) NMR spectra were recorded on a 500-MHz JEOL JNM-ECP500 FT NMR 
system. Chloroform-d was used as solvent. Chemical shifts were reported as ´  values (ppm) 
relative to internal tetramethylsilane (TMS) in CDCl3 unless otherwise noted. Expected 
1H 
NMR chemical shifts were predicted using  a ChemNMR program in a CS ChemDraw Ultra 
version 6.0. 
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Thermogravimetric (TG) and differential TG (DTG) measurements were conducted on a 
Seiko Instruments Inc. EXSTAR 6200 TG system in aluminum pans (5 mmφ). A blank 
aluminum pan was used as reference. The pyrolysis data were collected at regular intervals 
(about 20 times·ºC-1) by an EXSTAR 6000 data platform, and recorded into an analytical 
computer system.  
Pyrolysis-gas chromatograms/mass spectra (Py-GC/MS) were recorded on a Frontier Lab 
double-shot pyrolyser PY-2020D with a Frontier Lab SS-1010E selective sampler and a 
Shimadzu GCMS-QP5050 chromatograph/mass spectrometer. High purity helium was used as 
carrier gas at a static flow rate of 100 mL·min-1. The volatile products were introduced into 
MS through an Ultra Alloy+-5 capillary column (30 m × 0.25 mm i.d.; film thickness, 0.25 
µm) and analyzed directly with the quadrupole mass spectrometer (70 eV, electron impact 
ionization: EI).  
 
2.3 Dynamic pyrolysis in TG and Py-GC/MS 
PHB film sample (4-6 mg) in the aluminum pan was set in TG and heated at prescribed 
multiple heating rates (Æ) of 1, 3, 5, 7 and 9 ºC·min-1 in the range of 60 to 400 ºC under a 
steady flow of nitrogen (100 mL·min-1).  
PHB film sample (~0.5 mg) was put in the pyrolyser of Py-GC/MS and heated from 40 ºC 
to a prescribed temperature at a heating rate of 9 ºC·min-1. The volatile pyrolysis products 
were conducted into the GC through a selective sampler. The temperature of the column oven 
was first set at 40 ºC. After the pyrolysis process had completed, the column was heated 
according to the following program: 40 ºC for 1 min; 40–320 ºC at a heating rate of 20 
ºC·min-1; 320 ºC for 30 min. Mass spectrum measurements were recorded 2 times·s-1 during 
this period. 
Each dynamic pyrolysis experiment was repeated 2 or 3 times. Similar results showing the 
same tendency of  pyrolysis behavior were obtained in all the repetitions. 
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2.4 Isothermal Pyrolysis in glass tube oven 
About 200 mg of PHB film sample was put into a Shibata GTO-350D glass tube oven. The 
oven was heated gradually in two stages; first, the temperature was increased from room 
temperature to 200 ºC and kept at 200 ºC for 30 min in vacuo. During this period, the air in 
the oven chamber was completely removed. In the second stage, the temperature was further 
increased to 260 ºC, at which temperature the pyrolysis occurred, and then the temperature 
was again kept constant for 30 min. Vaporized pyrolyzates were condensed in a chilled trap, 
collected by dissolving in acetone, and dried in a vacuum rotary evaporator, resulting in white 
solids. The obtained solid product was analyzed by 1H NMR for characterization. 
 
2.5 Molecular orbital calculations 
All computations were done on a Dell Dimension DIMC521, equipped with 2.20GHz 
Athlon(tm) 64 processor board with use of a Hulinks Spartan ’04. Geometries were optimized 
by the Hartree-Fock/3-21G* method and the reaction coordinate system was derived from the 
energy profile obtained by using the semi-empirical molecular orbital method PM3 
Hamiltonian. 
 
3. Results and Discussion 
3.1 PHB pyrolysis at multiple heating rates 
The biosynthesized PHB, containing 8,100 ppm Ca, was purified by washing with 1M HCl 
solution to remove metallic impurities, resulting in the preparation of purified PHB-H (Ca, 
Mg, and Zn content: H0, H0, and 11.4 ppm, respectively). The purification removes metallic 
compounds that may influence the degradation mechanism, and, in practice, accelerate the 
reaction. The thermal degradation behaviors of PHB and PHB-H were examined using the 
dynamic pyrolysis with a multiple heating rate method [28] by measuring the weight loss of 
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the film samples with TG in N2 atmosphere. The multiple heating rates, i.e. Æ=1, 3, 5, 7 and 9 
ºC·min-1, were employed as a function of linear increase in temperature. All the TG curves 
showed a smooth decomposition from the beginning until completion, with TG traces shifted 
up the temperature scale by an increase in the heating rate. The TG traces of PHB-H were 
observed in temperature ranges higher by ca. 10 ºC than the traces of PHB. After the TG 
analysis, no carbonaceous residue was observed, indicating that the PHB and PHB-H films 
were degraded completely by specific degradation mechanisms. The DTG curves of PHB, 
which were normalized in accordance with sample weight = 1, showed single peaks (Figure 1), 
although the decomposition rate (µg·min-1) was slow during the initial decomposition process. 
This result indicates a one-step degradation mechanism for PHB. Similar DTG curves were 
observed by using PHB-H. 
Figure 1 
Figure 2 
The apparent Ea values of PHB and PHB-H against w are illustrated in Figure 2. Both 
curves show entirely constant Ea values in the ranges of 117 ± 3 and 135 ± 4 kJ·mol
-1 for PHB 
and PHB-H, respectively, suggesting that the weight loss over the whole period resulted 
mainly from one reaction for each sample. These results correspond with those reported by 
Kim et al. [13] that the difference between the Ea values of 119 ± 2 and 140 ± 4 kJ·mol
-1 for 
PHB and PHB-H, respectively, was due to the removal of the residual metal species. Although, 
as another possible reason for this difference, there could be a contribution from the ±-
deprotonation by carboxylate anions in PHB. More details are needed to quantify the extent of 
the contribution. 
 However, there was a slight increase for both of the plots in Figure 2 at the beginning, 
before it became constant and decreased a little at the end. Since this feature was reproducible, 
it indicates the occurrence of some minor side-reactions over the whole process. 
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3.2 Composition of pyrolyzates 
It has been assumed that the main PHB thermal degradation mechanism is ² -elimination due 
to the presence of crotonyl and carboxyl groups at almost all the chain ends of the products, as 
reported previously [3,5,7,19]. In this study, the pyrolysis products were determined by Py-
GC/MS and 1H NMR.  
In order to investigate the dynamic decomposition process in Py-GC/MS (EI), five 
temperature ranges were selected based on the TG curves of PHB. The total ion current (TIC) 
chromatograms of the evolved gas from PHB samples in the temperature ranges of 40-250, 
40-260, 40-270, 40-280, and 40-290 ºC heated at Æ=9 ºC·min-1 are illustrated in Figure 3. All 
of the TIC chromatograms showed similar profiles by having two peaks in nearly the same 
retention times, i.e. 2-5 and 17-18 min, which were attributed to crotonic acid monomer and 
relating dimers, respectively. The assignment of the first peak (retention time 2-5 min) is 
based on the reference peak of crotonic acid. In EI-MS spectrum of the first peak, 
characteristic signals of crotonic acid, e.g. at m/z = 68 and 86, were detected. The second peak 
was assigned to be that of dimers due to the characteristic EI-MS signals recorded at m/z = 
103, 113, 126 and 154. Trimers, which were detected in many previous studies [7,12,17], 
were not detected under the conditions employed as seen in Figure 3. These results indicate 
that the same components, i.e. crotonic acid and dimers were produced over the whole 
degradation period. A closer analysis of the TIC profiles revealed that the monomer 
component was once increased at 260 ºC, compared to that at 250 ºC, and was later decreased 
with the increase in temperature. The changes in the pyrolyzates component with temperature 
are similar to the results reported by Gonzalez et al. [19] in a temperature range of 220-400 ºC. 
These results suggest that the thermal degradation products of PHB vary with changes in time 
and/or temperature. 
Figure 3 
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Isothermal degradation of PHB in a glass tube oven was conducted at 260 ºC in vacuo to 
determine the components of distilled pyrolyzates. The pyrolyzates were collected and 
analyzed by 1H NMR and 1H-1H COSY measurements (Figure 4 and Figure S-1 in 
Supplementary data). Although minor signals in the spectrum had previously been assigned by 
Kopinke et al., in this study these were reassigned based on the 1H-1H COSY spectrum and 
the predicted 1H NMR chemical shifts by ChemNMR. From the integration analysis of signals 
assigned to methyl groups in the 1H NMR spectrum, it was found that the major component in 
PHB pyrolyzates was trans-crotonic acid, which contributed to 67.7 % of the total PHB 
pyrolyzates. Other components were cis-crotonic acid and its derivatives (3.1 %) and 
oligomers (29.2 %) having crotonyl end groups. From this 1H NMR result, the TIC values of 
pyrolyzates from Py-GC/MS in Figure 3 should be considered as relative values.  
Figure 4 
 
3.3 Determination of auto-catalytic or non-auto-catalytic degradation 
In some previous reports, it has been discussed that the pyrolysis is auto-accelerated, 
resulting in the increase of apparent Ea value [7,8]. Contrary to these earlier reports, Kim et al. 
[13] tried to argue that the difference between the two Ea values for ² -elimination: 182 and 
140 kJ·mol-1 based on the changes in the molecular weight (170-190 °C) and weight loss 
(250-300 °C) of PHB, respectively, were caused by a decrease in the auto-acceleration effect 
of low molecular weight compounds. However, the gap of 42 kJ·mol-1 between the same 
random scissions is too large to be explained as being the result of auto-acceleration. 
Moreover, if the weight loss sped up with increase in temperature during TG measurement as 
a result of some acceleration effects of accumulated oligomers, the calculated apparent Ea 
value ought to become higher as discussed previously. For the case of the results obtained by 
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Kim et al., it is worth to consider that different reactions with different Ea values occur within 
both temperature ranges. 
Nguyen et al. [22] also suggested the contribution of auto-catalytic reactions to explain the 
results of the changes in molecular weight of PHB at 190 °C.  The analytical methods for the 
non-auto-catalytic and the auto-catalytic random degradations were developed by Yoon et al. 
[26] and Nishida et al. [27], respectively. They derived the theoretical equations for changes in 
both the number and weight-average molecular weights. Based on Yoon’s equations for the 
non-auto-catalytic degradation, the relationships for t vs. 1/Mn and t
4/3/2 vs. t1/3/Mw using the 
Nguyen’s data on PHB degradation are shown in Figures S-2a and S-2b in Supplementary 
data. As seen in the figures, linear relations were found in the initial period, and then both 
plots gradually departed from the theoretical plots. This indicates that a non-auto-catalytic 
degradation might proceed in the initial period. Based on Nishida’s equations for the auto-
catalytic degradation, the relationship for t vs. log Mn and log Mw are illustrated in Figure S-2c 
in Supplementary data. In this figure, linear relations were found in the middle stage of the 
degradation, suggesting that an auto-catalytic reaction might proceed during this phase. 
The obtained analytical results based on the changes in molecular weights of Nguyen’s data 
show that the PHB pyrolysis was started by a non-auto-catalytic random degradation and then 
gradually shifted into an auto-catalytic random degradation. This is the first analytical 
confirmation of auto-acceleration behavior during PHB pyrolysis. 
 
3.4 Kinetics analysis of PHB pyrolysis 
Figure 5 
Figure 6 
In order to evaluate the influences of the auto-catalytic reaction on the weight loss, kinetics 
analysis of PHB degradation was carried out by using the improved random degradation 
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analytical method [25] and integration method [28,29]. The result of the improved random 
degradation analysis is illustrated in Figure 5, in which the kinetics parameters: Ea = 118 
kJ·mol-1 and A = 3.3 × 108 s-1 were employed for the model reactions: zero (n=0), half (n=0.5), 
1st (n=1), 2nd-order (n=2), and random degradations (Random L=2-17), where L is the least 
number of repeating units of oligomer not volatilized [30]. 
The degradation of PHB (1 °C·min-1) was initially faithful to a simulation plot of random 
degradation (L=3). Thereafter, the observed curve gradually diverged from the random (L=3) 
simulation with an associated rise in L value (L~17) (Figure 5). However, the actually 
measured L value was around 3 (Py-GC/MS). Thus, although the random degradation (L=3) 
for the initial kinetics is acceptable because of the pyrolyzates comprising monomers and 
dimers, the increase in the L value with progress in the reaction must not be substantial due to 
the lack of change in the pyrolyzates components.  
Plots in Figure 6 show the integral analysis of the observed data (9 °C·min-1) and the model 
reaction plots with parameter values: Ea=118 kJ·mol
-1 and A=1.18 ×109 s-1. Interestingly, the 
observed plots gradually decreased in weight similar to the random degradation process in the 
initial period, and thereafter the weight loss curve showed a linear relationship between w and 
A¸  in parallel to the 0th-order simulation plot, where ¸  = (Ea/φR)p(x) was demonstrated as the 
“reduced time” [28]. 
According to Flynn and Wall [31], if the total material may be volatilized by two alternative 
degradation paths, for which the respective Arrhenius parameters are Ea1 and A1 for path 1, 
and Ea2 and A2 for path 2, and if the two paths are expressible by a combined function f(w), 
then the integration will be given by Eq. 1. 
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where x1, x2, ¸ 1, ¸ 2, and p(x) are Ea1/RT, Ea2/RT, (Ea1/φR)p(x1), (Ea2/φR)p(x2), and function p(x) 
[32]. If each path occurs within an isolated temperature range, the two paths may appear as 
consecutive reactions. Eq. 1 suggests that the linear relation parallel to the 0th-order simulation 
plot, which appeared as one of the consecutive processes, should be regarded as a 0th-order 
reaction. Thus, the time lag, A1¸ 1, between the linear part of the observed plot and the 0
th-
order simulation plot in Figure 6 can be regarded as a retardation time or induction period 
needed to shift from the initial random degradation (L=3) process as shown in Figure 5 into 
the 0th-order weight loss process in the middle stage. 
It is considered that the 0th-order weight loss process showing the linear relationship may be 
due to an unzipping degradation from chain ends. This is in contrary with the auto-catalytic 
random degradation, which was induced by carboxyl groups, because the random degradation 
must show a sigmoid weight loss curve. Kopinke et al. [7] also suggested the presence of a 
chain reaction with a short kinetic chain length during the PHB degradation.  Thus, the above 
kinetically analyzed results based on the weight loss demonstrate that the PHB degradation 
proceeds by at least two-steps: the initial random degradation and a subsequent 0th-order 
weight loss process. 
The same degradation behavior was also determined from the improved random degradation 
and the integration simulation analyses of PHB-H (1 °C·min-1) with Ea=137 kJ·mol
-1 (see 
Figures S-3 and S-4 in Supplementary data). 
 
3.5 Theoretical calculation of activation energy of ² -elimination 
Previously, Kopinke et al. [7] discussed in their report that the decomposition rate of PHB is 
very sensitive to the reactivity of the ² -C–H bonds. They speculated that, if carboxyl groups at 
chain ends of fractured molecules accelerate the scission of neighboring ester groups faster 
than the original ester groups, the decomposition results would be equivalent to a chain 
reaction. Nguyen et al. [22] also suggested that the conjugation of an unsaturated group with 
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an ester group generates an inductive effect, increasing the scission rate of the neighboring 
ester linkages. To confirm these suggestions, the activation energy, Ea, value of the ² -
elimination via a pseudo-six-membered transition structure was estimated by well-known 
molecular orbital calculation methods. To calculate the Ea value, various model compounds as 
listed in Table 1 were employed.  The equilibrium geometries of these model compounds 
were calculated by Hartree-Fock/3-21G* method and the reaction coordinate systems of the ² -
elimination were derived from the energy profile obtained by using PM3 Hamiltonian.  
Estimated results in Table 1 indicate that the lowest Ea value (253.91 kJ·mol
-1) was found 
for the reaction of an internal ester group of a trimer model molecule, supporting the observed 
internal random scission as the initial reaction. The reaction at chain-ends neighboring 
crotonyl group produced a slightly high Ea value of 260.46 kJ·mol
-1. However, the reaction at 
chain-ends must be accelerated by neighboring effect on the frequency factor. Moreover, it is 
clearly indicated that in the cases of R2 = H, the crotonyl group as R1 has a fundamental 
acceleration effect for ² -elimination on the neighboring ester group. Thus, this acceleration 
effect induces the generation of a crotonic acid and a new crotonyl chain end, repeating the 
same reaction like the unzipping reaction. On the other hand, at another chain end, the 
carboxyl end group may not induce the ² -elimination on the neighboring ester group, as being 
shown by the high Ea value (365.22 kJ·mol
-1). 
Table 1 
 
3.6 Auto-accelerated reaction and kinetically favored 0th-order reaction 
Under the pyrolysis conditions without any other reactant from the outside, the auto-
catalytic or auto-accelerated random degradation found in Figure S-2 in Supplementary data 
may be induced by a large number of carboxyl compounds self-generated as the reaction in 
progress. The carboxyl compounds randomly attack ester groups on polymer chains to induce 
the trans-esterification, resulting in the reproduction of carboxyl groups and the remarkable 
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decrease in molecular weight as demonstrated by Nguyen et al. [22] (Scheme 1), but with a 
little actual weight loss. 
In order to induce the auto-accelerated random degradation, carboxylic groups have to be 
self-proliferated in bulk. The unzipping reaction occurring at the end of molecules, which was 
suggested as the 0th-order reaction by the kinetic analysis and the theoretical calculation in the 
above sections, is just a kinetically favored scission of polymer chains to repeatedly generate a 
large number of crotonic acids. This is an ideal self-proliferation reaction of carboxyl 
compounds and is the key factor in the auto-accelerated random degradation. 
Scheme 1 
If the above analytical prediction is true, the Ea values of 118 and 137 kJ·mol
-1 from the 
weight loss are assignable as the parameters for the unzipping reaction from crotonyl chain 
ends of PHB and PHB-H, respectively. However, to evaluate the contribution of ±-
deprotonation, especially in the case of PHB, additional kinetic approaches will be required in 
the future. According to the predictions based on the above measured and analyzed results, an 
expected overall thermal degradation pathway of PHB is illustrated in Scheme 2.  
Scheme 2 
 
4. Conclusions 
In this study, the thermal degradation of PHB was investigated to clarify its complex 
mechanism and kinetics. The four subjects on the PHB pyrolysis discussed were as follows: 
(1) progress of multiple degradation reactions making the kinetic analysis complicated, (2) the 
extremely high Ea values reported previously, (3) assignment of the various Ea values reported, 
and (4) predicted auto-accelerated thermal degradation. From the results, it was found that the 
thermal degradation behavior of PHB varied with changes in time and/or temperature. Based 
on the changes in molecular weight, a non-auto-catalytic degradation and an auto-accelerated 
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reaction proceeded in the initial and middle periods, respectively. Moreover, based on the 
weight loss behavior, it was considered that there are some kinetically favored scissions 
occurring near the ends of the molecules, which proceeded by a 0th-order weight loss process 
in the middle stage. Finally, the kinetically favored 0th-order weight loss process was assumed 
to be an unzipping reaction occurring at ester groups neighboring the crotonate end groups. 
Controlled PHB thermal degradation with appropriate catalysts is now in progress. The 
results obtained will be published in the near future. 
 
Acknowledgement. The authors are extremely grateful to Mr. Masashi Ohira of Kinki 
University and Dr. Takayuki Tsukegi of Kyushu Institute of Technology for their generous 
support during the experiments and the AA, Py-GC/MS measurements. The authors also 
would like to acknowledge the Ministry of Higher Education, Malaysia for SLAI financial 
support. 
 
References 
[1] Steinbüchel A, Valentin HE. Diversity of bacterial polyhydroxyalkanoic acids. FEMS 
Microbiol Lett 1995;128:219-228. 
[2] Marchessault RH, Coulombe S, Morikawa H, Okamura K, Revol JF. Solid state 
properties of poly-² -hydroxybutyrate and of its oligomers. Can J Chem 1981;59:38-44. 
[3] Morikawa H, Marchessault RH. Pyrolysis of bacterial polyalkanoates. Can J Chem 
1981;59:2306-2313. 
[4] Melchiors M, Keul H, Höcker H. Depolymerization of poly[(R)-3-hydroxybutyrate] to 
cyclic oligomers and polymerization of the cyclic trimer: An example of 
thermodynamic recycling. Macromolecules 1996;29:6442-6451. 
 19 
[5] Ballistreri A, Garozzo D, Giuffrida M, Impallomeni G, Montaudo G. Analytical 
degradation: An approach to the structural analysis of microbial polyesters by different 
methods. J Anal Appl Pyrolysis 1989;16:239-253. 
[6] Kawalec M, Adamus G, Kurcok P, Kowalczuk M, Foltran I, Focarete ML, Scandola M. 
Carboxylate-induced degradation of poly(3-hydroxybutyrate)s. Biomacromolecules 
2007;8:1053-1058. 
[7] Kopinke FD, Remmler M, Mackenzie K. Thermal decomposition of biodegradable 
polyesters- I: Poly(b-hydroxybutyric acid). Polym Degrad Stab 1996;52:25-38. 
[8]  Galego N, Rozsa C. Thermal decomposition of some poly(² -hydroxyalcanoates). 
Polym Int 1999 ;48 :1202-1204. 
[9] Li SD, Yu PH, Cheung MK. Thermogravimetric Analysis of Poly(3-hydroxybutyrate) 
and Poly(3-hydroxybutyrate-co-3-hydroxyvalerate). J Appl Polym Sci 2001;80:2237–
2244. 
[10] He JD, Cheung MK, Yu PH, Chen GQ. Thermal Analyses of Poly(3-hydroxybutyrate), 
Poly(3-hydroxybutyrate- co-3-hydroxyvalerate), and Poly(3-hydroxybutyrate- co-3-
hydroxyhexanoate). J Appl Polym Sci 2001;82:90–98. 
[11] Lee MY, Lee TS, Park WH. Effects of side chains on the thermal degradation of 
poly(3-hydroxyalkanoates). Macromol Chem Phys 2001;202:1257-1261. 
[12]  Aoyagi Y, Yamashita K, Doi Y. Thernal degradation of poly[(R)-3-hydroxybutyrate], 
poly[e-caprolactone], and poly[(S)-lactide]. Polym Degrad Stab 2002;76:53-59. 
[13] Kim KJ, Doi Y, Abe H. Effects of residual metal compounds and chain-end structure 
on thermal degradation of poly(3-hydroxybutyric acid). Polym Degrad Stab 
2006;91:769-777. 
[14] Carrasco F, Dionisi D, Martinelli A, Majone M. Thermal Stability of 
Polyhydroxyalkanoates. J Appl Polym Sci 2006;100:2111–2121. 
 20 
[15] Abate R, Ballistreri A, Montaudo G, Impallomeni G. Thermal degradation of 
microbial poly(4-hydroxybutyrate). Macromolecules 1994;27:332-336. 
[16] Lehrle RS, Williams RJ. Thermal degradation of bacterial poly(² -hydroxybutyrate): 
Mechanism from the dependence of pyrolysis yields on sample thickness. 
Macromolecules 1994;27:3782-3789. 
[17] Kopinke FD, Mackenzie K. Mechanism aspects of the thermal degradation of 
poly(lactic acid) and poly(² -hydroxybutyric acid). J Anal Appl Pyrolysis 
1997;40/41:43-53. 
[18] Li SD, He JD, Yu PH, Cheung MK. Thermal Degradation of Poly(3-hydroxybutyrate) 
and Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) as Studied by TG, TG-FTIR, and 
Py-GC/MS. J Appl Polym Sci 2003;89:1530-1536. 
[19] Gonzalez A, Irusta L, Fernandez-Berridi MJ, Iriarte M, Iruin JJ. Application of 
pyrolysis/gas chromatography/Fourier transform infrared spectroscopy and TGA 
techniques in the study of thermal degradation of poly (3-hydroxybutyrate). Polym 
Degrad Stab 2005;87:347-354. 
[20] Grassie N, Murray EJ, Holmes PA. The thermal degradation of poly(-(D)-² -
hydroxybutyric acid): Part 2-Changes in molecular weight. Polym Degrad Stab 
1984;6:95-103. 
[21] Kunioka M, Doi Y. Thermal degradation of microbial copolyesters: Poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) and Poly(3-hydroxybutyrate-co-4-
hydroxybutyrate). Macromolecules 1990;23:1933-1936. 
[22] Nguyen S, Yu G, Marchessalt RH. Thermal degradation of poly(3-hydroxyalkanoates): 
Preparation of well-defined oligomers. Biomacromolecules 2002;3:219-224. 
[23] Lehrle R, Williams R, French C, Hammond T. Thermolysis and methanolysis of 
poly(² -hydroxybutyrate): Random scission assessed by statistical analysis of molecular 
weight distributions. Macromolecules 1995;28:4408-4414. 
 21 
[24] Mori T, Nishida H, Shirai Y, Endo T. Effects of Chain End Structures on Pyrolysis of 
Poly(L-lactic acid) Containing Tin Atoms. Polym Degrad Stab 2004;84:243-251. 
[25] Nishida H, Yamashita M, Endo T. Analysis of the Initial Process in Pyrolysis of 
Poly(p-dioxanone). Polym Degrad Stab 2002;78:129-135. 
[26] Yoon JS, Chin IJ, Kim MN, Kim C. Degradation of Microbial Polyesters: A 
Theoretical Prediction of Molecular Weight and Polydispersity. Macromolecules 
1996;29:3303-3307. 
[27] Nishida H, Yamashita M, Nagashima M, Hattori N, Endo T, Tokiwa Y. Theoretical 
Prediction of Molecular Weight on Auto-catalytic Random Hydrolysis of Aliphatic 
Polyesters. Macromolecules 2000;33:6595-6601. 
[28] Ozawa T. A new method of analyzing thermogravimetric data. Bull Chem Soc Japan 
1965;38:1881-1886. 
[29] Nishida H, Tokiwa Y, Yamashita M, Endo T. Thermal Decomposition of Poly(1,4-
dioxane-2-one). Polm Degrad Stab 2000;70:485-496. 
[30] Simha R, Wall LA. Kinetics of chain depolymerization. J Phys Chem 1952;56:707-
715. 
[31] Flynn JH, Wall LA. General Treatment of the Thermogravimetry of Polymers. J Res 
Nat Bur Stand 1966;70A:487-523. 
[32] Nishida H, Mori T, Hoshihara S, Fan Y, Shirai Y, Endo T. Effects of tin on poly(L-
lactic acid ) pyrolysis. Polym Degrad Stab 2003;81:515-523. 
 22 
Figures and Schemes Captions 
 
Figure 1. Differential TG (DTG) curves of PHB degradation at multiple heating rates (Æ=1, 3, 
5, 7 and 9 ºC·min-1) in a constant N2 flow (100 mL·min
-1). 
 
Figure 2. Apparent activation energies, Ea (kJ·mol
-1) at various residual weight fractions on 
the pyrolysis of PHB and PHB-H. 
 
Figure 3. TIC spectra of PHB pyrolyzates at temperature ranges of 40-250, 260, 270, 280. and 
290 ºC at heating rate of 9ºC·min-1. Inserted values show a relative peak area calculated from 
integrated TIC values. 
 
Figure 4. 500 MHz 1H NMR spectrum of PHB pyrolyzates obtained by thermal degradation 
in vacuo at 260ºC. 
 
Figure 5.  Plots of log[-log{1-(1-w)0.5}] vs. 1/T for thermogravimetric data of PHB at a 
heating rate of 1 °C·min-1 (Ea=118 kJ·mol
-1, A=3.3×108 s-1), and for model reactions. Model 
reactions: zero (n=0), half (n=0.5), 1st (n=1), and 2nd-order (n=2), and random degradations 
(Random L=2-17). 
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Figure 6.  Plots of w vs. A¸  for thermogravimetric data of PHB at a heating rate of 9 °C·min-1 
(Ea=118 kJ·mol
-1, A=1.18×109 s-1), and for model reactions. Model reactions: zero (n=0), half 
(n=0.5), 1st (n=1), and 2nd-order (n=2), and random degradations (Random L=2-9). 
 
Scheme 1. Auto-accelerated random degradation and 0th-order weight loss behavior 
 
Scheme 2. Expected thermal degradation pathways of PHB. 
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Table 1. Activation energy of ² -elimination calculated by the semi-empirical molecular 
orbital method PM3. 
R1 O R3
O
R2H
R1 O
OH
R2
R3
+
R1-
R2-
R3-
O
CH3
H3C
O
H3C
H
H
H
CH3 CH3
O
O
CH3
CH3
OH
OEa
kJ mol-1
287.40 309.39 260.46
339.04 372.67 253.91 365.22
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Figure 1. Differential TG (DTG) curves of PHB degradation at multiple heating rates (Æ=1, 3, 
5, 7 and 9 ºC·min-1) in a constant N2 flow (100 mL·min
-1). 
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Figure 2. Apparent activation energies, Ea (kJ·mol
-1) at various residual weight fractions on 
the pyrolysis of PHB and PHB-H. 
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Figure 3. TIC spectra of PHB pyrolyzates at temperature ranges of 40-250, 260, 270, 280. and 
290 ºC at heating rate of 9ºC·min-1. Inserted values show a relative peak area calculated from 
integrated TIC values. 
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Figure 4. 500 MHz 1H NMR spectrum of PHB pyrolyzates obtained by thermal degradation 
in vacuo at 260ºC. 
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Figure 5.  Plots of log[-log{1-(1-w)0.5}] vs. 1/T for thermogravimetric data of PHB at a 
heating rate of 1 °C·min-1 (Ea=118 kJ·mol
-1, A=3.3×108 s-1), and for model reactions. Model 
reactions: zero (n=0), half (n=0.5), 1st (n=1), and 2nd-order (n=2), and random degradations 
(Random L=2-17). 
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Figure 6.  Plots of w vs. A¸  for thermogravimetric data of PHB at a heating rate of 9 °C·min-1 
(Ea=118 kJ·mol
-1, A=1.18×109 s-1), and for model reactions. Model reactions: zero (n=0), half 
(n=0.5), 1st (n=1), and 2nd-order (n=2), and random degradations (Random L=2-9). 
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Scheme 1. Auto-accelerated random degradation and 0th-order weight loss behavior 
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Scheme 2. Expected thermal degradation pathways of PHB. 
 
